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ABSTRACT 2,0 4] ]

Research on the solid state adhesion and cohesion of metals has

been conducted at National Research Corporation for the past

several years. Since adhesion has been observed for metals

and alloys

under widely varying conditions, there is a need to distinguish among

the effects of the more important variables controlling the
mechanism. Past research programs have found that adhesion
metals and alloys increase with temperature, contact stress

faee cleanliness. This report in particular deals with the

bonding
of both
and sur-

adhesion

dependency on solid solubility. CQCLL)ZZ%¥7,)
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‘ 1.0 INTRODUCTION

Research on the tendency of clean metals to adhere in ultra-
high vacuum has been carried on at National Research Corporation
for the past five years under NASA contracts NASr-48, NASw-734 and
NASw-734, Amendment #1 and under this contract, NASw-1168.

The general objective has been to obtain additional in-
formation as to the conditions under which metals and alloys of
engineering importance for space applications will adhere to one
another with sufficient tenacity to hinder the relative motion or
subsequent separation of components of mechanical and electrical
devices used in space exploration. Such devices include bearings,
solenoids, valves, slip rings, mating flanges, conical rendezvous

‘ mating surfaces, etc.

Even a small amount of adhesion would be disastrous in many
cases on a space vehicle. Power on such craft is ordinarily very
limited and mechanical components must operate freely. Only a few
ounces of adhesion force may cause failure. There is, therefore,
an important requirement for quantitative data on adhesion.

Techniques were developed in previous programs for evaluating
the adhesion of metals at various temperatures by repeatedly
fracturing and rejoining notched tensile specimens in ultrahigh
vacuum. Two types of apparatus were used: 1) a differential ex-
pansion device, and 2) a screw drive device. The latter was found
to be the most useful. The maximum adhesive force at room temperature

was about 65% of the applied load for copper and 19% for 1018 steel.



No adhesion was found for hardened 52100 steel. Time in contact
appears to be an important factor for copper at 200°C and above.
Both 1018 steel and 52100 steel were '"self-cleaning" at 500°C,
the former showing repeated readings near 100% cohesion, and the
latter increasing in per cent cohesion with each successive break.
Except for steel at 500°C, and copper at 350°C and 400°C, adhesion
dropped on each successive test.(l)
The apparatus was then modified to permit specimen positioning
and the testing of up to eight specimen pairs with a single pump-
down of the vacuum system. Arrangements were made for wire brush-
ing in vacuum and/or ion bombardment just before joining. Both
flat-faced and chisel-edged specimens were used, the rectangular
faces or chisel edges being crossed. Tests were made at room
temperature and at pressures between 1078 and 10”2 torr. Adhesion
was observed only between flat-faced, soft copper specimens when
wire brushed in vacuum. The cohesion force varied from 8 to 120 1lbs.
after a compressive force of 2000 1lbs., and appeared to depend
primarily on the thoroughness of wire brushing.(z)
Further work was accomplished under NASw-734, Amendment No. 1
using the modified eight specimen test apparatus. Tests were per-
formed on similar samples as well as dissimilar sample pairs. From
the results it was concluded that adhesion of like and unlike pairs
increased with temperature, applied load, surface cleaning and flow
stress. Under the conditions of 10~° to 10”2 torr vacuum and a
compressive force of 2000 1bs., adhesion forces from 40 to 800 1lbs.

(3)

were measured.



Under this contract, NASw-1168, National Research Corporation
is continuing the investigation of the adhesion bonding phenomena
to provide further knowledge of the bonding mechanism. The present

program is divided into three phases as listed below.
PHASE 1

Phase I is concerned with the characterization of the effect of
an adsorbed surface film on the adhesive process. Contaminant films
such as oxides will be removed by ion bombardment and the degree of
desorption measured by determinations of the surface electron work
function. Attempts will be made to reduce adsorbed layers to less
than a monolayer to all the study of adhesion forces between truly

clean surfaces.
PHASE I1I

Contact bonding is extremely sensitive to surface typography
as affected by the smoothness and by the plasticity of surface asperi-
ties under load. Measurements of adhesion force will be correlated
with plasticity for different values of hardness, asperity height

and radius.
PHASE III

Mutual solid solubility of the adhering materials may also play
an important role in adhesion. Both soluble and unsoluble metal

pairs shall be evaluated for adhesion characteristics under conditions




in which contaminant films are absent and the compressive yield

stress is exceeded.

2.0 APPROACH

It was decided to proceed initially with Phase III of the ex-
perimental program since the solubility studies would require
very little modification to the existing test fixture.

The metal samples tested in this phase of the experimental
program are listed in Table 1I.

These metal samples were tested under 1078 - 1072 torr vacuum

and using motorized wire brushing techniques to remove the surface

oxide films.

3.0 APPARATUS

The apparatus consists of a stainless steel vacuum chamber
with the accessories necessary to join and separate small metal
specimens in ultrahigh vacuum and to measure the forces involved.
The major components were developed and used in previous programs.

Figure 1 shows the loading and force measuring devices which
communicates with the inside apparatus through a flexible metal
bellows. Beneath the dome in Figure 1 hangs the apparatus shown
in Figures 2 and 3. Sixteen specimens (eight pairs) can be mounted
on the wheels shown in Figures 2 and 3, and positioned to bring
different material combinations together or to expose a given sur-

face for cleaning.

-4 -



Soluble Pairs

Cu-~Au
Cu-Ni
Ag-Au

Nb-Ta

TABLE I

METAL TEST SAMPLES

Insoluble

Pairs

Cu-Ta
Ag-Fe
Ag-~Ni

Au-Pb
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FIGURE 3 SAMPLE HOLDER
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A twelve-inch long spool piece is now located between the dome
and the bowl of Figure 1 (but not shown in the figure).

The spool piece has windows for observing the specimens, and
a bellows manipulator for positioning a motor-driven wire brush
between specimens to clean the mating surfaces just before joining.

The entire assembly is mounted on a standard Natipnal Research
Corporation ultrahigh vacuum pumping system with a 10-inch diffusion
pump (HS10-4200) and a standard National Research Corporation
Chevron-type liquid nitrogen trap. Concentric "O" rings cooled by
a circulating refrigerant are used at the joints between the large

flanges.

4.0 TEST SPECIMENS

Sixty-four test samples were fabricated to conform with the
test pairs listed in Table I. The materials used were of the purest
commercially available and were completely annealed. The samples were
machined from 7/8" diameter bar stock which was fully annealed. How-
ever, the lead, silver, and gold materials were purchased in the
dead soft condition in economical shapes to minimize machining and
expense. All samples were tested for hardness and re-annealed if re-
quired before using in the adhesion experiments. The sample
materials along with the pertinent data is tabulated in Table IT.

The sample configuration as in previous tests was to be chisel
pointed as shown in Figure 4. However, since the selected materials

with the exception of tantalum and niobium have low yield stresses.
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it was decided to use a block type specimen, thus taking advantage
of the maximum surface area. The block type specimen was used

when the "X" dimension in Figure 4 approaches 3/8 inch.

5.0 EXPERIMENTAL PROCEDURE

5.1, PreVacuum Operation

The material specimens were fabricated and treated as pre-
viously specified. The samples were then tested for hardness and
if required heat treated to yield the fully annealed condition.
The face widths were measured and adjusted to produce a contact
area that would allow the load cell.to operate about midrange. The
contacting surfaces were then prepared by mounting three specimens
at a time in a special jig and polishing with successively finer
grinding alundum or emery paper. The three specimen faces formed a
flat plane in the polishing jig and the abrasive paper was supported
on a lapping table. This insured specimen flatness. Just prior to
mounting in the test wheel, each specimen was given one dry run on
No. 000 paper followed by a ethyl alcohol cleaning and air dry process.
The samples were then mounted in the test wheel and the vacuum

system closed.

5.2. Test Operation

During a typical operation the system was baked out at 200°C
under vacuum for times ranging up to 48 hours, using a number of

tungsten-quartz lamps inside the vacuum vessel as a heat source. When



the - pressure had stabilized at about 10'8 torr, a refrigeration
system was turned on to cool the vessel walls and gaskets. The
pressure then fell to the 10™9 range, typically 4 to 6 x 1072 at
the end of 24 hours.

To maintain the temperature of the specimens, the heat in-~
put to the lamps was controlled and the temperature was measured
by thermocouples. The individual specimens were wire brushed for
measured times, typically between 30 seconds and 5 minutes. During
brushing of the specimens, pressure bursts occurred which yielded
pressure transients up to 2 x 108 torr. This effect was more
observable on the copper specimens. The specimens were then
positioned to face each other and the pair to be tested were forced
into contact and loaded to the desired stress level. (Relaxation
and creep later reduced this load, as much as 10% in some cases.)
The time between cleaning and contact was measured and found to be

9

reasonably constant at about 14 to 19 seconds at 4 to 6 x 10" ° torr.

This product, 2 x 10'9 torr-minutes, is below the 1/10th monolayer
formatim time and thus assures contact between clean metal surfaces.
The load was left on for 5 minutes for each pair and the measured
breakaway load was then recorded on pulling the specimens apart

using a Sanborn recorder and SR-4 strain gauges in a Baldwin load cell

as shown in Figure 2.

.5.3. Post Vacuum Operation

Upon completion of the test the vacuum system was released with

argon to an atmosphere and the test samples carefully removed and

- 13 -



packaged. Each specimen pair was optically examined to determine

the effects of the bonding.

6.0 EXPERIMENTAL PROGRAM

6.1. Preliminary Adhesion Test

The first tests performed were accomplished using fully
annealed copper sample pairs. These tests were performed to check
out the equipment and techniques and to familiarize the personnel
with the equipment. Copper samples were chosen since the most com-
plete adhesion data has been obtained for copper. These tests were
designed to re-evaluate past tests and were set up to verify that
the adhesion force is a function of applied stress and surface
cleaning.

The first series (six sample pairs) was designed to determine
the adhesion coefficient as a function of applied load. Stress levels
from 50 to 250 per cent of the yield stress were used. The fixed
parameters were; 6 x 10-9 torr vacuum level, two minutes cleaning
time and five minutes loading time at a temperature of 25°C. The
results were that the adhesion coefficient defined as the ratio of
bonding force to applied load increased from 0.05 for 100% yield
stress loading to 0.20 for 250% yield stress loading as shown in
Table III and Figure 5.

Thé second series (four sample pairs) was designed to determine
the adhesion coefficient as a function of cleaning time. Brushing

times of 0.5, 2 and 5 minutes were selected as variables. The fixed

- 14 -
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parameters were; 6 x 10-9 torr vacuum, stress levels at 125% and
150% of yield stress, 5 minutes holding time and temperature at
25°C. The results were that the adhesion coefficient increased
from 0.01 to 0.21 for 125% yield stress loading and 0.02 to 0.31

for 150% yield stress loading as shown in Table III and Figure 6.

6.2. Adhesion -~ Mutual Solubility Test

Two types of metals pairs were tested in the solubility test
program; metals with extremely limited mutual solubility and metals
which form extensive solid solutions at room temperature. Metals
of similar FCC and BCC crystal structure were selected to minimize
lattice misorientation and strain accommodation effects. The

materials tested are listed in Table 1I.

6.2.1. Solubility Test

The materials listed as soluble in Table I are known to form
complete solid solutions at room temperature. The tests were de-
signed to determine the adhesion coefficient as a function of
solubility and lattice parameters. Parameters held constant were;
vacuum level at 5 x 10"9 to 1 x 10-8 torr range, cleaning time at
2 minutes and loading time at 5 minutes. Other variables such as
stress level and temperature were varied to determine if dissimilar
metal pairs followed the adhesion trends of similar pairs. Adhesion
was obtainable on all tested saﬁples except the tantalum-niobium
pair. These metals form tenacious oxides and require more extensive

cleaning techniques to produce oxide-free surfaces. Data on the

- 17 -
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soluble test pairs is tabulated in Table 1V,

6.2.2. Insolubility Test

The insoluble metal pairs listed in Table I are all known to
have less than 0.1% solubility in each other. Tests on these
materials were designed to be used as a comparison for the solid
solution metal pairs. The fixed and varied parameters were the
same as those used in the solubility tests. However, it was ex-
pected that very little adhesion would occur with these pairs.
Adhesion coefficients were obtained for all pairs with maximum
coefficient of 0.6 for the lead-gold combination. Data on the in-

soluble adhesion test pairs is tabulated in Table V.

7.0 DISCUSSION OF RESULTS

The comparative data taken on soluble and insoluble metals
showed no correlation between adhesion and lattice solubility.
However, it does appear that adhesion is related to plastic load-
ing, temperature and yield strength as shown in Figure 7.

The relative insensitivity of adhesion bonding at 25 to 150°C
to bulk lattice solubility levels may be attributed to the extreme
importance of local atomic arrangements on the surface layers in
determining the density of bonds across the interface. Increases
in the effective lattice parameter and local disorder at the surface
may be expected due to the anistropy of atomic packing and bond

distribution. 1In this way, solute atoms of greatly differing size

- 19 -



*8utysnaq ajzenbapeuy 4

c0°0 ov 0zt 0281 S ST (4 0st wtoﬁxa 8€0°0 0S8°'1 00oce eL-aN 81
00°0 0 08 00€e < ST (4 0St wlOHxﬁ 0L0°0 00°1 000z¢ eL-qN LT
10°0 S 001 0861 1 St (4 1414 m|oﬁx¢ T€0°0 00°C 0002¢ CL-qaN 91
00°0 ] 08 0zZ61 S 61 (4 114 mloHNv o¥0°0 0S°T 0o0o0ze EL-qN S1
00°0 ) 09 00€e ] ST (4 1414 mloanm 0L0°0 00°1 0002¢ eL-aN b1
00°0 0 09 G261 S 81 14 114 mcoanw 0L0°0 G8°'0 0002c¢e BL-aN €1
ev°o 08T ot oeY S 91 (4 0ST wloanﬁ €¥1°0 0S°1 00072 dy-ny cl
L0°0 6€ o¥ 08¢ < ST (4 1414 mlcﬂxb L¥YT 0 00°¢ 000¢% 8y-ny 1T
60°0 oy oy (11474 S 81 (4 114 alcaxh S¥I°0 0T 000¢ Jy-ny o1
c0°0 01 (11 (1144 S ST (4 1414 mnoa%u L¥1°0 0S°T 000¢ dy-ny 6
I1°'o 8¢ 0¢ 09¢g < ST (4 114 mloﬁxw S¥1°0 G2°1 000¢ 3y-ny 8
8¥ 0 012 114 SEY S 8T (1 0ST mloﬁxm S¥1°0 0S°T 000¢ ng-ny L
1c°0 06 (1] 114 4 S 4 (4 114 mno~xw %10 0Ss°T 0002 no-ny 9
L0°0 ¥e o1 oLe S ST 4 1414 QIOﬁxo 8S¥1°0 GZ°1 00032 njy-ny S
(4 A V) o¥L (1Y OLLT S 61 (4 oSt Q|OHNQ TET"0 0S°T 0006 IN-DD v
€2°0 (110} 0S OLLT S ST (4 114 mloﬁnw TET°0 01 0006 IN-ND g
cl°o 08T ot oL¥vT S LT (4 ce mlcanm 1€T°0 1T 0006 IN-ND 4
00°0 (1] 0¢ oL¥VT S ST 4 1414 mloHNQ TI€T°'0 621 0006 IN-ND *a
peol (sqay) (s4at) (sar) (o9s) (utw) (utw) (2,) (xx03) Awsonﬂv mmmwm% (1sd) JOﬂaucﬁnEoo ' ON
paxyddy peo] peoO] peo] auty, auty autl °*dwd] aanssaxd Iy ——=3-=) Yj3uaays I.,3€W 3S9L 1S9l
mwwl% Lemy vuotle poaryddy Butr joejuo) SBuruear)d 30831U0) vmmmmmm PIoTX
HES.x. Jeaag -xeroy -peo]

SIIYES LSAL NOISIHAY T1dNTOS

Al ITAVL

20 -



*jurof proa pTod 3® Jeaxq 3jou pIp pajreBuors ojduwes pesT xx

*axyolaq 4sSnag

€%°0 (R 43 4 1+$44 S 8T (4 SIT wloanm %170 0S°1T 0021 ny-ad %3¢
6S°0 0s1 414 £6¢ ] 8T (4 1414 mnoﬁxa (A AN 0Ss°T 0021 ny-aqd 1€
LS°0 0ct (114 012 S LT (4 114 wloAxH %1°0 gz'1 ooct ny-ad (03
L1°0 092 (1) 4 0SSt S 91 4 0ST mlcanﬁ TI€T°0 0S°1T 006L IN-3y 62
LT°0 0972 0S 0SST S St (4 se mloanv TIET°0 0s°T 006L TIN-3Y 8¢
€0°0 oy oy 0SSt S 09 (4 114 m|Obe T€1°0 0S°T 006 IN-3y *L32
ST°0 00¢ (11 oteT ] LT (4 114 mloﬁnw T€T°0 Sz°'1 006L IN-3y 9¢
€20 08¢ 09 0SST < 91 (4 081 mloﬁxﬁ T1€T°0 0S°1 006L ag-3y 114
81°0 08¢ 0S 06St S 144 (4 ST mlcanb 1€1°0 0S°1 006L aj-3y ¥e
I1°0 (1321 oe OTET S 91 (4 114 mloanb TIET°0 g2l 006L og-3y €¢
¥E°O 009 oS OLLT S 144 (4 oSt wnoHNH 1€T°0 0S°T 0006 eL-n) (44
Lo°0 o€t (113 OLLT 4 91 (4 14 mloﬁuh TeT°0 0s° T 0006 BL-n) 12
10°0 0¢ (114 OLLT < 148 (4 114 aloﬁnw TI€T°0 0S°T 0006 eL-np 0¢
S0°0 oL o¥ oLV S 91 (] ez a|0Hnw TI€T°0 1T § 0006 BL-ND 61
peo] (sat) (sqn) (sq1) (oes) (utm) (utw) (D,) (xx03l) aNsouﬁv sB13 m (18d) UuoTIBUTIQqWED OoN
paypdd peol peo1 prBO1 swrt], owt], ouwy] °dwa] oJnssaxd Baxy vmwwmmm yjB3uaxls °T,3EN 3IS8L ISIL
Mmm ham< |noﬂu« poattddy _ 3uy 3jo®vju0) SBuruwer) j30e3uo) PI®IX
b Yeaad -xeiay P8O

SHIYES LSAL NOISTFHAV A'TdNTOSNI
A T19VL

- 21 -



FIGURE 7

SAMPLE PAIR MATERIALS
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and electrochemical activity may be accepted substitutionally or
interstitially in the solvent lattice within a few atomic layers
of the surface, but would be rejected in the bulk lattice.
Thermal diffusion across the bonded interface of chemically in-
soluble metals would lead to intermetallic compound or terminal
phase precipitation and segregation within the lattice.

In all cases with bofh soluble and insoluble sample pairs,
the adhesion force increased with load and temperature. The
exception was the Ta-Nb and Au-Ag combinations. The Ta-Nb com-
bination showed no adhesion coefficient at 25°C with varying load.
This can be accounted for by the tenacious oxides formed on both Ta
and Nb metals. These oxides are difficult to remove and require
better cleaning techniques. The Ag-Au combination showéd some
adhesion force at 25°C but it remained relatively constant with in-
creased loading.

Another parameter which appeared to influence the ability to
adhere is the flow stress or hardness of the materials. The data
as in past reports indicated that adhesion increases with decreasing
hardness or flow stress level,.

To summarize, adhesion tends to increase with temperature,
surface cleanliness, stress level, and to decrease with hardness.
However, no correlation was observed between adhesion and mutual

solubility or lattice parameter.
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8.0 FUTURE PLANS

Plans have been made to start Phase I of the test program.
This requires the use of two ion-guns for cleaning of the sample
faces. The system is presently being modified to accommodate
the two guns and changes are being made in the sample positioning
device,

The test series for Phase I is tentatively scheduled for
August at which time the system should be completely modified

and checked out.

- 24 -
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